ABSTRACT: Global optimization and data-mining techniques have been used to generate the structures of Mg and Cd doped ZnO nanoclusters. The energy has been evaluated at three levels: interatomic potentials during the filtering stage, generalized gradient based (PBE) density functional theory during the refinement of structures, and hybrid (PBE0) density functional theory for the final electronic solutions used for the prediction of the cluster optical absorption spectra. The excitonic energies have been obtained using timedependent density functional theory including asymptotic corrections. We considered three characteristic sizes of the host (ZnO) n cluster (n = 4, 6, 8) including all chemically sensible structural types as determined from their relative energy rankings and all possible dopant permutations. Thus, an exhaustive set of the solution structures could be assessed using configurational entropic contributions to the cluster free energy, which allowed us to draw a conclusion as to the oxide miscibility at this end of the size scale. With the exception of low temperature magnesium doped n = 4 and 6 nanoclusters, we find a continuous series of stable clusters. The former are predicted to disproportionate to the pure binary structures, which could be attributed to the competition between different structural types adopted by end members. The optical behavior of most stable clusters considered is contrary to the quantum confinement model.
INTRODUCTION
The strong photoluminescence in UV and visible ranges coupled with robust mechanical and piezoelectric properties makes ZnO, a wide band gap, n-type semiconductor, a material of choice or potential candidate for applications in numerous electronic, optoelectronic, and light-emitting devices. 1 The room-temperature band gap energy of 3.37 eV for bulk ZnO (increasing to 3.44 eV at low temperatures) can be tuned to fit the intended applications by doping with suitable divalent elements without a great effect on charge carrier concentrations in ZnO, which might be undesirable. In particular, magnesium doping widens the band gap further into the UV range, causing a blue shift in the absorption spectra, while cadmium doping results in a red shift and targets devices that operate in the visible spectral range (1.7− 3.2 eV). For a given stoichiometry, band gap broadening can also result from quantum confinement effects 2 that become pronounced as the size of the nanostructures is reduced and becomes comparable to the exciton Bohr radius (or rather diameter which is cited to be in the range of 26−58 Å for ZnO 3 ); e.g., see report in ref 4 . Moreover, this behavior is influenced by the environment of the nanomaterial as it can be stabilized in a matrix as a quantum dot, found in a solution, capped/passivated, or supported on a surface. 5, 6 There are clear constraints to such band gap engineering as structural changes and phase separation have been observed when the dopant concentration was increased beyond its solubility limit. Zn 2+ and Mg 2+ ions have similar sizesShannon radii of 0.60 and 0.57 Å in four-coordinated and 0.74 and 0.72 Å in six-coordinated environments 7 whereas Cd 2+ is a larger cation with a radius of 0.78 and 0.95 Å. Curiously, Zn seems to be of just the right size for its oxide to form a tetracoordinated wurtzite structure, 8 whereas oxides of both the smaller and the bigger ions, MgO and CdO, adopt the hexacoordinated rock-salt phase; however, this will also be influenced by the character of chemical bonding determined by the cation electronegativity.
In synthetic Mg x Zn 1−x O thin film alloys, segregation of MgO has been observed beyond x = 0.33, which limits the maximum value of the band gap to 3.99 eV. 9 Nanoclusters of ZnO doped with 17% Mg also show an increase in the band gap to 4.0 eV, 10, 11 which should be contrasted with the later report of a 0.5 eV blue shift on ∼7.5% Mg doping. 12 These observations prove to be morphology dependent: an increase in the band gap up to about 3.7 eV has been observed 13 in ZnO hexagonal nanorods also doped with 17% Mg. Pure and Mg doped (at 14%) ZnO nanoparticles, obtained by flame spray synthesis, show a difference in the band gap of only 0.2 eV.
14 Turning to Cd doping, a transition from the wurtzite to a rock-salt phase was observed at x = 0.7 in Cd x Zn 1−x O films. 15 In contrast, a maximum
Cd content of about 17% has been reported for ZnO nanorods. 16 For ZnO nanoparticles, the band gap is reduced by about 0.4−0.5 eV on doping with 10% Cd 17 and 0.35 eV with 9% Cd, 18 whereas a decrease in the band gap of about 0.15 eV was observed 19 in ZnO nanorods doped with 5.5% Cd. A decrease of ∼0.08 eV was reported for 2% Cd doped nanostructures synthesized by a highpressure solution route. 20 Tentative optical characterization of smaller particles or nanoclusters has also been reported, which, however, gives very high values of the absorption edge, possibly due to an interaction with matrix environment. 21 We note that doping ZnO nanostructures with Mg and Cd should be considered in the context of other significant efforts applied to synthesis of nanostructures with desired magnetic or electrical conducting or catalytic properties, which make use of alkali, transition, lanthanide, or group 13 metals in the cationic sublattice or group 15 in the anionic sublattice; for example, see refs 14 and 22−31.
Previous computational work on the characterization of optical properties of zinc oxide nanoparticles focused mainly on the pure material. 32−37 For a review of structure prediction of ZnO nanoclusters, we refer the reader to our earlier perspective and the references cited therein. 6 Similar nanoclusters are found for MgO; see for example ref 38 which contains the most recent structure exploration on the DFT energy landscape for up to 16 binary units. Nanoclusters of CdO have received less attention; structures for 1−8 binary units are reported in ref 39 . ZnO clusters doped with other transition metals have been studied. 40−48 Ovsiannikova 48 incorporated Cd on cationic sites on the hexagonal faces of high symmetry bubble structures (e.g., Zn 24 Cd 12 O 36 bubble), whereas typically the focus of the other simulations was the clarification of the magnetic interactions at the nanoscale rather than optical response. Only one and two substitutions per cluster were investigated, and only Chen and Wang 45 considered different cation permutations. Dopants in simulations of ZnO clusters also include main group trivalent metals, 40 carbon, 49 −52 nitrogen, 53, 54 and sulfur. 52, 55, 56 Effects of the environment, including ligands or a surrounding matrix for example, have also been investigated. 57−60 However, none of these studies has addressed the problem of the effect of structural diversity on the calculated optical response by the material on doping. We will show that the interplay between the structure type (morphology) and dopant positions in the host determines the behavior of the cluster exposed to radiation in the UV/vis range.
In our previous work we have addressed the problem of structure diversity in pure binary compounds, 61−70 where the challenge is broken down into constrained searches for lowest energy configurations, and the essential unknown variables are the atomic coordinates for a predescribed composition (stoichiometry and size). Typically, the electronic degrees of freedom are also constrained during the search (e.g., assuming only one ionic type of bonding within each cluster). Thus, an energy landscape for each composition is defined, and local minima are determined by employing global optimization techniques. The resulting structures are then used to predict physical or chemical properties of the particles. On doping, we encounter a further complication in that both the extent of doping and the dopant arrangement within each host (parent) structure are not known. Each of the variables considered will affect the absorption and luminescence among other properties. Only the lowest energy configuration of the pure compound is usually doped, 71 but as doping progresses the host structure type may change. To catch this effect, the lowest energy configurations of both pure end members of the solution should be doped exhaustively (data mining). But this strategy is also vulnerable as the mixed compound could adopt a different structural typewe will find that being the case for (Zn x Mg x−1 O) 8 . Therefore, it is important to consider a number of low-energy minima or to perform a direct global search on the energy landscape of the ternary compound (cf. ref 72) . With the extra degrees of freedom, the latter of course quickly becomes intractable for larger sized particles. This problem is analogous to that of finding the lowest energy configurations of nanoalloy clusters where different permutations of the same structural type are referred to as homotops. 73 Moreover, as the energy differences we find are typically smaller than thermal energies, we have carried out an exhaustive survey of all possible homotops and all low-energy configurations that could be identified using a wide range of global optimization approaches applied to ZnO. Furthermore, the synthesis and experimental characterization of subnanosized particles, or clusters, remain in the realm of development and are still imprecise. Hence, our approach will provide a useful database as a reference point for comparison with experiment and benchmarking of alternative stochastic studies. Indeed, for pure binary compounds there has been success in identifying particular global minima or a number of local minima, rather than a larger range of local minima structures. 38, 74 In this work, we investigate the optical properties of (Zn 1−x A x O) n nanoclusters as a function of size, n = 4, 6, and 8, and concentration of the dopant, A, which is either Mg or Cd. The first task is to find the atomic structure of these nanoclusters, where we need to reduce the computational cost required to search the DFT energy landscape for stable and low-energy metastable structures for each chosen value of x, n, and A. We therefore initially employ an atomistic model (using interatomic potentials, IP) and filter out approximate atomic configurations that can be readily refined at the DFT (electronic structure) level. This multistage approach, a global optimization of atomic structure for low-energy IP minima followed by refinement of atomic structures using standard local optimization techniques to obtain DFT energy minima structures, has already proved successful. 6, 65, 75 We have chosen two global optimization techniques: the first is an evolutionary algorithm, 65 which is initially applied to searching the IP energy landscapes for (ZnO) 4 , (ZnO) 6 , (ZnO) 8 , (MgO) 4 , (MgO) 6 , and (MgO) 8 , and the second is an exhaustive data-mining exercise of the lowest energy configurations found in the former search to obtain approximate atomic configurations for (Zn 1−x A x O) n nanoclusters. Results for (Zn 1−x Mg x O) n nanoclusters are presented in section 2. DFT energies for the refined (Zn 1−x A x O) n nanoclusters are then reported for both Mg and Cd dopants in section 3 and their optical spectra in section 4. terms) and parameters of the interatomic potentials used for MgO are defined in Table 1; those for ZnO are taken from ref 76. Although the structural types found for magnesium oxide were also found for zinc oxide, with these interatomic potentials (IP energy) there are more structural types for the latter.
After completing the global search for the two end members, we then generated all the unique zinc−magnesium cation permutations for a range of low-energy structural types found. These Zn n−m Mg m O n (n = 4, 6, and 8, m = 1 to n − 1) nanoclusters were then relaxed. The lowest energy clusters including the structural types, or end members (m = 0 and n), are shown in Figure 1 .
For n = 4, the same three structural types with the same ranking, as determined by the IP energy of formation, were found for the end members, (ZnO) 4 and (MgO) 4 ; an octagonal ring is the global minimum (GM, or LM1) structural type, then a cuboid (LM2), followed by a configuration composed of folded and merged hexagonal rings (chimera, or LM3); see topmost panel of Figure 1 . Whereas the ring and cuboid only have one unique site, LM3 has two. Since one of these sites resembles that found in the ring (two-coordinated) and the other in the cuboid (three-coordinated), we will refer to LM3 as a chimera. For the mixed oxides, the cation order has a less significant effect on the ranking than the structural type; comparing configurations with equivalent composition, the formation of a ring configuration is always more favorable than the cuboid, which in turn is more favorable than the chimera configurations. There are two unique chimera configurations for members m = 1−3, two unique ring configurations for Zn 2 Mg 2 O 4 , and one otherwise. As a dopant, the magnesium (in the zinc-rich m = 1 cluster) and zinc (in the magnesium-rich m = 3 cluster) tend to occupy the lower, twocoordinated sites of the chimera. For clusters with equal content of magnesium and zinc (m = 2), one of the two magnesium cations prefers to occupy the three-coordinated site, whereas in the octagonal ring structure, like cations are more stable in opposite corners of the polygon (cation type alternate around the ring). For all compositions (m = 0−6) of cluster size n = 6, the hexagonal prism (drum) is the most stable structural type; the energies of formation for other possible cluster types, with the same value of n and m, are higher than those for the drum. In each panel of Figure 1 , clusters of the same structural type are grouped together and therefore have a continuous set of ranks; the rank of each n = 6 structural type investigated does not depend of the cation order. For each value of m, the dodecagonal ring is the second lowest energy n = 6 structure type. After the drum and ring, a number of the structural types found for (ZnO) 6 are unstable for (MgO) 6 , including two open drumsthe drum with either two or three elongated bonds connecting the two hexagonal ringsand an edge-sharing hexagon−octagon 2D structural type. For composition m = 5, five of the six possible unique configurations for the latter 2D structural type are unstable. Moreover, an open drum is also unstable if there are not enough zinc cations to occupy all two-coordinated sites. A comparison of the metastable open-drum structures (including the planar hexagon−tetragon−hexagon cluster) reveals that lower energies are obtained if magnesium atoms occupy higher coordinated cation sites, whereas zinc atoms occupy the twocoordinated cation sites. For the closed-drum structural type, there is only one unique cation site and likewise for the ring. The most stable ordering of dopants in the latter maximizes the interatomic distances between dopants, whereas in the double ring, or drum, a more stable configuration is obtained if the like cations preferred to occupy the same tetragonal ring(s). For the three unique m = 3 configurations, the greatest energy cost is predicted for segregation of magnesium and zinc cations into different hexagonal rings.
For Zn 8−m Mg m O 8 (m = 1−7) nanoclusters we find similar trends in the cation ordering: the IP energy of formation is reduced if the coordination of Mg cations is increased, and in the drum structural type (which is now an octagonal prism) lower energies are found if the interatomic distances between like cations are maximized within each of the two larger (octagonal) rings and minimized between them (thus, occupying the same tetragonal ring(s)). Interestingly, the IP rank of the n = 8 structural types is dependent on m; the drum is the GM (or GM set) for m = 2−8, whereas for m = 0−1 it is a bubble formed from four hexagonal and six tetragonal faces. 65 As with smaller sized clusters, the energy difference between the lower energy structural types is larger than that which can typically be achieved by reordering the cations within one structural type. In Figure 1 , there are only two examples where the ranks of different structural types overlapthe drums and bubbles for Zn 6 Mg 2 O 8 and the lowest energy configuration for the fifth structural type for Zn 7 MgO 8 (last cluster in m = 1 panel) has a lower energy than five of the eight unique metastable configurations for the fourth structural type. Again, more LM are found for clusters of zinc oxide than magnesium oxide; the open-drum configurations LM3, LM5, and LM6 in the panel for (ZnO) 8 are not found for magnesium oxide (likewise, an increasing ratio of unique configurations are unstable as the content of Mg grows). The LM4 and LM7 structural types for (ZnO) 8 are also metastable (MgO) 8 clusters even though they, and the other higher energy clusters shown for (MgO) 8 , contain two-coordinated cation sites. Note that all results reported so far are obtained using a rigid ion model (interatomic potentials acting between +2|e| and −2|e| point charges, representing the cation and anion, respectively).
DFT ENERGETICS AS A FUNCTION OF NANOCLUSTER STRUCTURE TYPE AND DOPANT CONCENTRATION
The nanoclusters were all refined using a density functional approach as implemented in DMOL 377,78 using the generalized gradient approximation in the PBE form, 79 a double numerical with polarization basis set and auxiliary charge density expanded up to octupoles. We define the energy of each nanocluster as E i j , where the label i refers to the structural type and j is used to 6 . The solid lines connect the highest and lowest energy configurations for each structural type; the broken lines represent the arithmetic mean energy of mixing end members (solution energy of zero for that structural type); and the four unfilled triangles represent unstable configurations (constrained during relaxation to either C 3v or pseudo-C 3v ). distinguish different homotops (cation permutations) and is omitted for binary compounds as there is only one homotop. To characterize the relative stability of clusters of different stoichiometry, we will employ solution energies (heat of mixing):
where x is the stoichiometric ratio of the cluster and E r (1) and E s (0) are the global minimum energies for the end members. We note the use of r and s to indicate the structural type as the global minimum may change with x, so that the last two terms give an arithmetic mean of the binary global minima, and nanoclusters are constrained in size; i.e., we consider n = 4, 6, and 8 structures as independent ensembles. If ΔE is positive, then such an ensemble of nanoclusters is predicted to disproportionate to pure binary clusters in the low-temperature thermodynamic limit. We are also interested in the ensemble composed of the subset of clusters for each structural type, in which case we set r = s = i in eq 1. Figure 2 ) a cuboid (rock-salt fragment), rather than the ring, is predicted to be the stable configuration. IP results for chimera configurations predict that the magnesium cation prefer a two-coordinated (ring-like) site for Zn 3 MgO 4 and the higher, three-coordinated (cuboidlike) site otherwise (m > 1). Given the change in the predicted ground state for (MgO) 4 , it is not surprising that the rank for the two Zn 3 MgO 4 chimera clusters also changes. Moreover, if more than one of the three two-coordinated sites is occupied by a magnesium cation, the DFT results predict that the chimera clusters with higher magnesium concentrations are unstable and will relax to the cuboid structure unless symmetry constrained; i.e., one m = 2, both m = 3, and the m = 4 configurations are unstable. Thus, our DFT results indicate a more consistent tendency for magnesium/zinc to occupy higher/lower coordinated sites, which is reflected in the predicted global minima (rock-salt/ring structural types are composed of three/twocoordinated sites) and in the energy ordering of Mg doped chimera configurations (that are composed of both three-and two-coordinated sites). To obtain the cuboid as the stable configuration for (MgO) 4 , without resorting to DFT, one could implement either a partial charge model 81 or the shell model. 65 With similar energies, both the cuboid and ring structural types are likely to be adopted at room temperature for ZnMg 3 O 4 (x = 0.75 in Figure 2 ), whereas rings with a random cation distribution are predicted for Zn 2 Mg 2 O 4 (x = 0.5 in Figure 2 ). Cation ordering only has a significant effect on the chimera: for the mixed cation clusters of the ring and cuboid, all cation distributions favor a solution rather than segregation into pure zinc and magnesium oxide clusters of the same configuration type (data points below their respective broken line in Figure 2 ), whereas a unique cation distribution is favored for a mixed chimera. The relative DFT solution energies for four n = 6 structural typesthree based on the lowest IP energy LM for (MgO) 6 and one a cuboid cut from bulk MgOare shown in Figure 2b . Note that both LM3 and LM5 for (ZnO) 6 in Figure 1 , the two opendrum IP local minimum structures that are unique to the zincrich compositions, closed upon structural relaxation (minimization of DFT energy) to the LM1 hexagonal prism. Interestingly, there is a change in the structural type for the DFT lowest energy Zn 6−m Mg m O 6 clusters; before m = 2, the ring is more favorable than the drum. For both structural types, cation mixing is favored: in fact, all the different cation orderings are lower in energy,
There is also little benefit (less than 0.08 eV/cluster) in a particular cation order: a slight tendency for the interatomic distances to be maximized between (a) the first two dopants in a drum and (b) two or three dopants in the ring. In contrast to zinc, magnesium cations are less stable in the low-coordinated sites of the 8-ring structure: the energy steadily increases with each substitution, 0.64 eV for the first Mg and 0.92 eV for the last Mg (energies relative to the drum structural type). Moreover, the three lowest energy points for the 2D edge-sharing hexagon− tetragon−hexagon cluster type, labeled "H-T-H" in Figure 2b , correspond to when Mg does not occupy any of the twocoordinated sites. The strong preference of Mg in the H-T-H structural type results in a large spread of solution energies, and for all cation configurations those energy points are above the broken line for H-T-H (energetically favorable for cation segregation); we find at least one Mg in a two-coordinated site that is furthest from the tetragonal ring.
Since the solution energy for the n = 4 cuboid increases dramatically as the content of magnesium decreases, a similar trend should be expected for the n = 6 cuboid or rock-salt fragment (labeled NaCl in Figure 2b ). Although we expect the magnesium atoms will occupy the highest coordinated sites (i.e., bonded to four oxygen atoms), such configurations correspond to the highest, rather than lowest, set of energy points shown in Figure 2b for the cuboids. The energies of these points (which are connected by the upper line) steadily increase with content of zinc, from m = 6 to m = 2, as zinc oxide is less stable in the cuboid structural type. For m < 2, zinc atom(s) must also occupy the four-coordinated cation site, and so we expect the energy to increase more rapidly. These and the other cation configurations for the n = 6 cuboid, which are expected to have a higher energy, deform significantly about the zinc atom(s) that occupies the initially four-coordinated site(s). In fact, if these higher coordinated sites are occupied by zinc atoms, the fourcoordinated cation sites become two-coordinated after relaxation; the four-coordinated oxygen atoms move outward (cuboid inflates) and only remain bonded to the three-coordinated cation sites. The effect is less dramatic if the other four-coordinated site is occupied by magnesium. Hence, the zinc atoms again tend to occupy the lower coordinated site (or environments where the coordinated oxygen atoms do not create O−Zn−O bond angles that are close to 90°), albeit by occupying the initially higher coordinated sites. The maximum interatomic distance between the four-coordinated oxygen anions and this cationic site is 2.18, 2.76, and 3.24 Å for m = 6, 4, and 0, respectively. Upon doping the inflated zinc oxide cuboid, composed of only two-and threecoordinated sites, magnesium atoms tend to occupy the threecoordinated sites. For m = 2, the magnesium atoms are in different tetragonal rings, opposite each other rather than furthest apart. Finally, one cationic configuration of the n = 6 cuboidszinc cations along one face and magnesium cations along the opposite face for m = 3is not stable and relaxes to form a drum. The DFT energies obtained for the cadmium doped n = 4 zinc oxide clusters (see Figure 3a) suggest that there is only one important structural type, namely the ring. Although the difference in the solution energy for the rock-salt cut, or cuboid, decreases by 0.76 eV, the (CdO) 4 cuboid is still 1.72 eV higher in energy than the ring. A similar trend is found for the chimera structures (LM3); (CdO) 4 is 0.53 eV lower in energy than (ZnO) 4 , and all LM3 clusters are approximately 0.5 eV higher in energy than the cuboids. Like Mg, Cd prefers the higher threecoordinated site in LM3only the ZnCd 3 O 4 LM3 structure with zinc occupying the three-cooridnated site has a positive solution energy with respect to its LM3 end members. The (MgO) 4 A different ranking was found for the lowest four LM n = 6 clusters of zinc and magnesium binary oxides: ring−drum− HTH−NaCl and drum−NaCl−HTH−ring, respectively. The lowest four LM for n = 6 cadmium oxide clusters have the same rank as zinc oxide. Hence, for the cadmium/zinc solutions there is no crossing in Figure 3b (rank change between structural types), just a slight overlap between favorable cation ordered NaCl clusters and unfavorable cation ordered H-T-H clusters for m = 3. As before, increasing the zinc content of the 1 × 1 × 2 cuboid (composed of three tetragonal n = 2 rings) decreases its relative stability (energy points labeled NaCl in Figure 3b ) unless the middle tetragonal ring inflates so that the coordination of the four-coordinated site(s) in the cuboid is reduced to two. Bonds are broken within the middle tetragon as one or both fourcoordinated oxygen atoms move outward. Unlike the magnesium−zinc oxide n = 6 cuboids, this type of inflation does not occur if zinc occupies the cadmium preferred fourcoordinated site(s). For the cadmium doped zinc oxide n = 6 cuboid clusters, inflation occurs if an initially four-coordinated oxygen atom is bonded to two three-coordinated zinc atoms (or bonded to just one three-coordinated zinc atom for one configuration of both Zn 5 CdO 6 and Zn 3 Cd 3 O 6 ). The cation− anion interatomic distance within the inner tetragonal n = 2 ring; i.e., between the initially four-coordinated cadmium atoms and the oxygen atom(s) that moves outward, increases from 2.473 Å in Cd 6 6 with Cd atoms on one face of the cuboid (and Zn on the opposite face). For each m, all of the inflated n = 6 cuboids are lower in energy (lowest triangles in Figure 3b for m = 0−4) than the clusters that maintain the original cuboid configuration composed of three-and four-coordinated sites. For the doped H-T-H structures, zinc atoms tend to bond simultaneously with both two-and three-coordinated oxygen atoms, whereas cadmium atoms occupy the higher coordinated sites and bond to three oxygen atoms.
For cadmium and zinc solutions, the hexagonal prism or drum configuration is always the second lowest energy structural type, although the energy gap between this structural type and the global minimum, the ring, decreases with increasing cadmium content. The energies calculated for the set of Zn 4 Cd 2 O 6 drums suggest that cadmium atoms prefer to be in the same tetragonal face, whereas for Zn 2 Cd 4 O 6 the zinc atoms tend to occupy the same hexagonal face. In the Zn 3 Cd 3 O 6 drum, it is cadmium's preference that prevails. After relaxation, the dodecagonal ring structures resemble hexagonal rings with oxygen atoms at the corners and cations in the center of each of the six sides. Like the n = 4 rings, the bond angles for Mg 6 6 , where E i (x) is the total energy of configuration type i. The solid lines connect the highest and lowest values for each structural type; the broken lines represent the arithmetic mean energy of mixing end members (solution energy of zero for that structural type); and the seven triangles below the dotted line represent inflated cuboid structures.
maximize the distance between them, i.e., alternate for m = 3 and occupy opposite sides for m = 2 and 4, although the energy differences between different cation distributions is small (less than 1/100, 1/40, and 1/50 eV for m = 2, 3, and 4, respectively); likewise for the solution energy with respect to the end member rings (between 0.03 and 0.05 eV).
The solution energies for the n = 8 low-energy clusters are shown in Figure 4 . The drum, or octagonal prism, is the lowest energy structure for most compositions: Zn 8−m Mg m O 8 for m = 0 to 1 and Zn 8−m′ Cd m′ O 8 for m′ = 0−8. Although the rank predicted for the two lowest DFT energy Zn 8 O 8 nanoclusters is the reverse to that defined by IP energies (see Figure 1) , the change in rank is small and much higher ranked LM need not be refined with DFT. Interestingly, the rank predicted using NWChem (the package employed to calculate optical spectra; see next section) agrees with the IP model. A reversal of ranks is also seen for the Mg 8 O 8 clusters, but this time the IP model ranks the drum as the GM whereas for DFT it is the bubble.
Upon doping the (ZnO) 8 drums with two magnesium atoms, the dopants tend to maximize the distance between them; i.e., the magnesium atoms occupy opposite sides of the same octagonal face for m = 2. The third magnesium atom tends to occupy the same tetragonal face with one the of previous magnesium atoms. This preferred cation ordering was predicted by the interatomic potential calculations (see Figure 1) . Moreover, this agreement continues to Zn 4 Mg 4 O 8 ; the lowest energy structure has magnesium atoms in two tetragonal faces that are furthest from each other (likewise for the zinc atoms). The resulting drum has squashed octagonal faces, with a 4.951 Å diameter between magnesium atoms and 4.125 Å diameter between zinc atoms. Upon doping the (MgO) 8 drum with two zinc atoms, the dopants again prefer to maximize the distance between them, which is achieved by occupying dif ferent octagonal faces, although the same ordering is achieved for m = 3 and 5. A yet different preference is found for two cadmium atoms, which share tetragonal faces so to reduce the interatomic distance between dopants. Likewise for three cadmium dopantsall are on one side of the drum forming part of two edge sharing tetragonal faces.
The n = 8 bubble, LM1 and LM2 in Figure 1 for (ZnO) 8 and (MgO) 8 , respectively, is composed of four hexagonal and six tetragonal faces, with all atoms coordinated to three others, and has two unique cationic sites: a cation can either be part of one hexagonal and two tetragonal faces, site A, or one tetragonal and two hexagonal faces, site B. As a dopant both magnesium and zinc prefer to occupy site A and to maximize the distance between themselves (the second dopant occupies the furthest A site from the first dopant for m = 2 and 6). When there are three or more zinc atoms, more stable configurations are obtained if the zinc atoms occupy the B sites. For bubble clusters containing cadmium atoms, the B sites, where possible, are occupied by cadmium atoms and, as found for the drum structures, Cd dopants prefer to minimize their interatomic distance.
The 1 × 1 × 3 cuboid has two unique sites: the threecoordinated corner sites and the four-coordinated edge sites. Not surprisingly, n = 8 cuboids for both magnesium and cadmium oxides are energetically more favorable, by 1.27 and 0.69 eV, respectively, than that for zinc oxide. As dopants the first four cadmium atoms prefer the higher coordinated sites, with the second dopant on the same face as the first. Because of the strain caused by the difference in cation sizes, the inverse cationic order for (Zn 4 Cd 4 O 8 ) with all zinc atoms occupying the edges is actually a better arrangement than alternating planes of cations. As with cadmium, the first magnesium atom prefers an edge site and the last zinc atom the corner site. In both systems with just one zinc atom, the zinc atom prefers the corner site. The energy points obtained by relaxing the cuboid zinc−magnesium system form two separate groupsthe NaCl (cuboid) data set in Figure  4a . The smaller group of data points are much lower in energy and indicative of a significant structural change. Moreover, the energies of the smaller subset are even lower than those calculated for the drum and bubble structural types. Examination of the final structures for this subset of low-energy points revealed that the cuboid had in fact inflated and identified as a different structural typein Figure 1 it is shown as LM5 for (ZnO) 8 . Running the genetic algorithm to search for the magnesium−zinc oxide structures also readily finds these and other partially inflated structures (see Figure 5 ). For the (ZnO) 8 cluster, the Zn−O interatomic distances are 2.0 Å within the end plane (tetragonal ring of four atoms) and 2.3 and 2.8 Å within a middle plane of a relaxed and an inflated cuboid, respectively.
Reclassifying the NaCl data in Figure 4a and including additional data (obtained by imposing the pseudosymmetry of the cuboid or inflated cuboid during relaxations from these two structural types), a clearer picture is obtained (see Figure 6 ). The data set labeled NaCl is now more compact, and there is a pleasing symmetry to the spread of energy points for the fully inflated clusters. We note that many of these points are not filled indicating that they will relax to a different structural type if not constrained. For example, the magnesium-rich inflated clusters collapse to the cuboid. The preference in the inflated clusters is the reverse to that found in the cuboid with zinc atoms preferring the two-coordinated edge sites and magnesium atoms the corner sites. In the partially inflated structures, typically the zinc atoms occupy the edge site on the inflated side and magnesium atom on the collapsed side. Note that we only report metastable clusters for the partially inflated structureslabeled as miscellaneous in Figure 6 .
The stability of rings decreases with size and content of both cadmium and especially magnesium. Mg containing ring structures undergo a transition from a planar to a corrugated motif: as the concentration of Mg content is reduced, the 2D ring becomes a crown (alternating, anions displace above and then below the ring of cations). If this structural type were adopted by the Zn:Mg system, the shortest interatomic distances between cations of the same species would be maximized. In Zn:Cd, Figure 6 . DFT solution energies, ΔE i (x), for (Zn 1−x Mg x O) 8 clusters, where E i (x) is the total energy of configuration type i (including the additional/ redefined structural typescf. Figures 4 and 5) . The solid lines connect the highest and lowest values for each structural type; the broken lines represent the arithmetic mean energy of mixing end members (solution energy of zero for that structural type); and unfilled symbols, together with a darker lined triangle in in the special case of NaCl structural type, represent clusters that will readily relax to a different structural type, which include partially inflated rock-salt cuts that are labeled as miscellaneous.
The Journal of Physical Chemistry C Finally, we investigate the configurational entropic effects, separately for each structural type, with the free energy defined as
where GM indicates the global minimum for a particular structural type i and composition x, k B is the Boltzmann constant, T is temperature and Z is the partition function:
Note that the summation is over all unique configurations for a particular composition and structural type, m is the degeneracy of each unique configuration, and E is the total energy of the individual nanocluster. Moreover, we note that thermal motion contributions to the free energy are not included. To compare the relative stabilities of the structural types across the range of Zn:Mg compositions, we compute the solution energy similar to that in eq 1 but referenced to free energies and the energy scale based on the GM for (ZnO) 8 and (MgO) 8 :
ΔF is plotted for (Zn 1−x Mg x O) 8 nanoclusters and six different temperatures in Figure 7 . At zero temperate, the lowest free energy structural type changes from drum to the fully inf lated 1 × 1 × 3 cuboid at x = 0.25 and then to a bubble for the magnesium-rich compositions.
These curves have the same profile as seen in Figure 6 for the lowest energy members of each set; in particular, there is a sharp change in the free energy slope for the inflated cuboid at x = 0.5, a minimum at x = 0 (zinc-rich) for rings, and a minimum at x = 1 (magnesium-rich) for the 1 × 1 × 3 cuboid. As temperature increases, there is a downward shift in the free energy for the ternary compositions, and a minimum for each structural type moves toward x = 0.5. As there is a much greater species dependent ordering in the inflated cuboid structural type, the configurational entropic contribution to the free energy is smaller than that found for the bubble and the drum. At ∼90 K, the drum is the GM structural type for zinc-rich compositions, and both drum and bubbles are dominant at x = 0.5 (inflated cuboid no longer has lowest free energy). As temperature increases further to room temperature, T 298 , and above, the drum and bubble curves remain most stable for all compositions and appear to overlap. The drop in the free energy for all structural types becomes the dominant feature as the energy separation between structural types stabilizes above 2 T 298 , which could be attributed to the configurational entropic contribution to the free energy becoming dominant.
EFFECT OF DOPING ON OPTICAL ABSORPTION
Doping zinc oxide with Mg or Cd is of primary applied interest due to the effect of impurities on optical properties. As mentioned earlier, bulk Mg doping results in a blue shift of absorption spectra while Cd doping yields the red shift. We focus on how the cluster morphology and size affect the optical absorption. In general, the fundamental edge of absorption of bulk materials is controlled by the one-electron, delocalized, conduction and valence states. On the other hand, it can be influenced by the localized defect states with optical transitions between a defect and one of the bands, typically having a oneelectron nature (the interaction between a hole and an excited electron is negligible). Therefore, electron ionization and affinity control the energies (wavelengths) of the absorbed light. In small clusters, the electron−hole interactions are not weak, and an appropriate treatment is required to model relevant excited states. For this purpose we have used time-dependent DFT (TD DFT) as implemented in the NWCHEM code. 82 The lowest energy excitations in II−VI compounds are typically of a charge-transfer nature. Such transitions are poorly described with standard LDA or GGA functionals, which (i) introduce unbalanced self-interaction errors in occupied valence states localized on anions and unoccupied (virtual, excited) states on cations and (ii) present a qualitatively wrong description of the asymptotic tail of the exchange-correlation potential, which affects directly the calculated excitation energies. These problems are effectively remedied using hybrid exchange and correlation functionals, which admix a nonlocal Hartree−Fock-like exchange (HF) to the energy functional and the corresponding kernel within the TD DFT approach. As our total energies, used to evaluate the quality of structures in the first part of this study, have been obtained using a nonempirical "general purpose" PBE functionals, 79 we choose to employ a matching PBE0 hybrid functional (factoring in 25% of HF exchange). 83 Furthermore, to improve the description of the delocalized states, we employed a Cassida−Salahub asymptotic correction 84 with the numerical value of the shift calculated by the code automatically using a semiempirical formula of Zhan, Dixon, and Nichols. 85 This latter correction in all our calculations proved to be minor, less than 1% of the total excitation energies.
The NWChem code employs Gaussian basis functions and effective core potentials. We have chosen a Def2-TZVP basis on O and Mg and a TZVP quality basis set 86 To understand the causes of the variations, or trends, we have also investigated the charge density distribution of the lowestenergy exciton (an electron and hole pair) for a number of key clusters. We note that this exciton can be degenerate or quasidegenerate (typically, with energy levels separated by less than 0.1 eV) (see Figure 11 ) in which case we take the state average. For the purpose of visualization, we employ charge density differences of the ground and excited states of interest.
Let us consider the structural variation in the ring configurations for Mg, Zn, and Cd. Employing a rigid ion model, with no electronic polarization, the rings resemble regular n-sided polygons; for example, n = 4 resembles an octagon. In contrast, the rings obtained with the shell model are distorted to an n/2-sided polygon; 65 the octagon transforms into a squarelike structure with the anions displacing further away from the center of the ring (bond angles nearer 90°and 180°than 135°). The shells on the anions displace inward so as to reduce the distance to the nearest cation sites. This transformation is enhanced if we also allow the cations to polarizewe set the polarizability of the cation to be much less than that of the anionas the shells on the cations will move outward while the cations themselves move inward. Considering the three pure (XO) 4 rings, the Mg ions are least polarizable and Cd ions most; at the same time the oxygen ions coordinated to Mg are least polarizable and those to Cd most due to relative electronegativities of the cationsan effect that results in the more acute bond angle centered on O. Therefore, we should expect, and do observe, the MgO structure most resembling an octagon (Mg−O−Mg = 117°, O−Mg−O = 153°). The CdO and ZnO structures, which resemble more a square, both have bond angles X−O−X of 101°and O−X−O of 169°, but of course very different bond lengths (which in turn increases the X−O−X bond angle for a given O polarizability). As with the anion shell positions, the excited electron occupies the center of the ring; for the Cd and Zn systems the electronic state resembles a cylinder that is dented/distorted by the presence of the atoms (see Figures 12a−e) . (This electronic state is reminiscent of the electron localizing on the anionic vacant sites in alkali halides or alkali earth oxides, forming F centers.) As the Cd content increases, so does the ring size, and the overlap of the excited electron and the corresponding cylinder decreases; likewise the energy of this excitation decreases (see Figure 8) . As the Mg content increases, the excitation energy and the diagonal O−O distance remain fairly constant (5.10−5.03 Å) with the additional croissant-like lobes appearing on the outside of the ring on Mg ions. As we will see in other clusters, the excited electron tends to localize on outer cations that form the sharpest O−X−O bond angle.
Next we consider the effect of doping either the MgO cuboid (lowest energy configuration) with Zn or ZnO cuboid with Cd.
The decrease in the excitation energy is smaller for each additional dopant in the cuboid as the excited electron prefers to sit on the outside of all Zn cations in the mixed Zn:Mg compounds and outside all Cd cations in the Zn:Cd compounds. Ignoring cation ordering, for both the ring and cuboid structural types there is only one unique site, all oxygen anions donate charge (see orange-colored surfaces in Figure 12 ).
For the chimera structural type there are two different sites for anions and likewise for cations. We find the lowest energy excitations involve electron transfer between the lower coordinated atoms. The excited electron localizes outside the cluster, mainly on all two-coordinated Cd cations, with the electronic lobes merging to form a triangular bagel for the smaller sized clusters that do not have any Cd content. The Zn 3 CdO 4 chimera, with Cd on the higher-coordinated site, is the only exception to this trend. Another surprise is that part of the excited electron density appears just off the two-coordinated oxygen anion; this is particularly noticeable if this oxygen anion is bonded to a two-coordinated Cd cation. The most interesting observation is that the lowest excitation energy increases stepwise by ∼0.1 eV with decreasing Mg content or when Mg is switched from the higher-to a lower-coordinated site. The latter is expected, as the higher-coordinated site does not play a significant role in the excitation, so doping it with zinc has little effect on the excitation energy, whereas the influence on the excitation is pronounced if zinc is doped into one of the three two-coordinated sites. An increase in the excitation energy with the Zn content is opposite to that expected from bulk results. A closer inspection of the Zn:Mg chimeras reveals that the hole on the two-coordinated oxygen anions is dumbbell-like (one p orbital per atom) if the oxygen is directly bonded to a twocoordinated Mg cation and ring-like (mixture of two p-orbital densities) if directly connected to Zn (or Cd). There is also an increased presence, albeit small, of the excited electron over the back of the cluster (opposite side to the triangular bagel). Importantly, comparing the triangular bagels in front of the Mg and Zn two-coordinated cations, we observe that the excited electron is slightly more dispersed in front of Mg cations. This is also opposite to that observed for the cuboidssee Figure 12g , which shows an excited electron in the Mg 3 ZnO 4 cuboid indicating that the increased excitation energy is related to the decreased spread of the excited electron, which leads to the increase in its kinetic energy. For the Cd:Zn systems, there is also an increase in spread of the excited electron and a decrease in excitation energy as the two-coordinated sites are doped with Cd cations. As seen in the previous structural types, the largest effect on the excitation energy occurs when the first of any similar sites is filled by Cd (x = 0−0.8 for the higher energy configurations, unconnected data points, and x = 0.2−1.0 for the lower energy configurations, connected data points in Figure 8 ). Upon doping the chimera with Cd on the high-coordinated site, the excitation energy increases as a significant part of the excited electron is delocalized now onto the back of the cluster (assuming the triangular bagel remains at the front).
For the ring, drum, and rock-salt n = 6 structural types, a general trend is predicted for reducing the lowest excitation energy in the sequence from Mg to Zn to Cd oxides, which is however not followed by the H-T-H structural type (see Figure  9 ). Both ring exciton components, the hole in the form of dumbbells aligned perpendicular to the ring plane on all anions, and the electron confined mainly within the ring, are similar to those already described for the n = 4 rings. Moreover, in a pure ZnO cluster, the electron is again delocalized within the ring in an F-center like configuration (see Figure 13k ). On doping with either Mg or Cd, although the delocalized character of the excited electron density is retained, there is a shift of concentration from Zn to the dopants, forming both in-ring and out-of-ring lobes around Mg ions, and in contrast only in-ring lobes near Cd cations (see Figure 13j ,m). The key difference is the size of the rings; with increasing Cd content in the n = 6 rings, the excited electron does not occupy the very centerthe cylinder becomes a tube (a cavity appears in the "F center")! As with the rings, there is a clear similarity between n = 6 drums and n = 4 cuboids; the latter could also be considered as a double four-ring. The lobes of the hole and excited electron themselves and the changes to these lobes due to doping follow the same pattern outlined above: the lobes of the excited electron, although observed on all cations, are larger on Zn cations than on Mg and largest on Cd; and the excited electron is not found inside any of the drum or cuboid cages. One new feature found with the drums is the overlapping of lobes across tetragonal and hexagonal faces, for example: (i) between Cd cations across a hexagonal face if only partially doped (cf. Figure  13g Like the chimera, the H-T-H structure has more than one unique ion site: two three-coordinated sites per cation, two twocoordinated (A) sites that connect to two two-coordinated oxygen anions, and two two-coordinated (B) sites that connect to one two-coordinated oxygen anion and one three-coordinated anion; likewise for anions. We note that the internal bond angles of B sites are smaller (more acute) than those of the A sites and, thus, more likely to host the hole and excited electron than the A sites. The holes in these structures are composed of dumbbellshaped lobes on the anionic sites, the largest on the B sites, and the smallest on three-coordinated sites (the latter dumbbells vanish if Mg cations occupy both three-coordinated cationic sites). The largest lobe(s) for the excited electron is always largest on the B cationic sites for all cluster compositions and orderings, accompanied by a small lobe on the three-coordinated anions. If a Cd or Zn ion occupies one of the three-coordinated sites, the electron also has lobes around these sites, which spread across the tetragonal ring if both sites are Mg-free. In the rings, the lowest excitation energy (E g ) decreases with Cd content, although the rate of change is reduced by the ordering that maximizes the distance between Cd ionsfor Zn:Cd ratio (value of x) the lowest data point corresponds to the cation segregation (Cd on one side of the ring). A similar decrease in E g with Cd content is seen in the drums, but now the rate of change is influenced by whether the Cd ions are all in one or both hexagonal rings. Considering only the lowest energy drum configurations, E g of Zn 2 Cd 4 O 6 is actually greater than that of Zn 3 Cd 3 O 6 as the additional Cd ion occupies at least one of the sites in the second hexagonal face. The kink in the drum's curve at Zn 2 Mg 4 O 6 , although not as dramatic, is also caused by the preferred cation ordering. The lowest energy cation ordering maximizes the distance between the two Zn cations in the Zn 2 Mg 4 O 6 drum; higher-energy cation arrangements have a lower value of E g . For the Zn 4 Mg 2 O 6 drums, the lowest-energy cation ordering maximizes the distance between the two Mg cations and higher-energy cation arrangements have a higher value of E g . Finally, we consider the purple line in Figure 9 , i.e., the changes in E g across the series of lowest-energy cationordered H-T-H structures. Starting from Mg 6 O 6 , there is a significant increase in E g from Zn 3 Mg 3 O 6 to Zn 4 Mg 2 O 6 and a significant decrease from Zn 4 Cd 2 O 6 to Zn 3 Cd 3 O 6 . The former relates to a Mg cation no longer occupying the B cationic site (where the excited electron has the largest lobe), and the latter can be attributed to Cd cation occupying this site. From our results for the different cation-ordered, singly doped H-T-H structures, we can see that the dependence of E g on cation order is more complex than the occupancy of this B cationic site; the largest decrease (increase) in E g occurs when the Zn dopant is moved into the tetragonal ring (Mg dopant is moved to the A cationic site).
For the n = 8 structural types, we again find the general trend of the first excitation energy decreasing in the sequence from Mg to Zn to Cd oxides. Focusing on the lines drawn in Figure 9 (showing E g data for the most stable cation-ordered members of each structural type and composition), there are noticeable exceptions to this trend as E g has a maximum cusp at Zn 8 The largest spread in the DFT solution energies was found for the rock-salt (labeled NaCl) structural type, so not surprisingly the E g for the NaCl structural type has the largest scatter (see Figures 4 and 9) . A closer inspection of E g for a series of Zn:Mg inflated rock-salt structures revealed two competing factors: E g increases with Mg concentration and with the number of Zn cations that occupy the two-coordinated sites. Note that E g increases upon doping Mg 8 O 8 with one Zn cation on a twocoordinated site but decreases if Zn occupies a four-coordinated site; the lowest energy Zn 2 Mg 6 O 8 inflated configuration has one Zn cation on the two-coordinated site (hence only the second highest value of E g for this stoichiometry), and all twocoordinated sites are occupied by Zn cations in the lowest energy Zn 4 Mg 4 O 8 (for which E g has a maximum) and zinc-rich clusters.
Exciton components on the n = 8 rings (or crowns) are similar to those already seen on the smaller rings (cf. Figures 12a−e, 13i−n, and 14f−k). The hole has the shape of dumbbells aligned normal to the ring plane on all anions. The electron localizes predominantly within the ring, although no longer reaching its center, and forming: (i) merged lone-pair type lobes that delocalize between neighboring Zn cations in Zn:Mg; (ii) lonepair type lobes on Cd in Zn:Cd; and (iii) bagel-like nodes around all Mg cations. Furthermore, the Zn and Cd cations host some of the excited electron density in antibonding sigma orbitals, and the size of the dumbbell basins is dependent on the neighboring cation. In the Zn:Mg series, we observe a nearly constant behavior of E g as a function of Mg content from x = 1 to x = 0.625. At x = 0.75 an appreciable scatter of ca. 0.1 eV in E g values is predicted, which is dependent upon the distance between the two Mg cations. For lower Mg doped rings, E g increases as the full crown structure emerges. (A constrained planar ring structure has E g that remains in a continuation of the original constant line at about 4.08 eV.) In these observations, we identify two trends: E g increases with the degree of corrugation (whch depends on the length of uninterrupted chain(s) of Zn cations) and Mg concentration. Analogously, the uninterrupted chains of Cd dopants dominate the rate of decrease of E g in Zn:Cd rings. The observed stepwise behavior is in effect an artifact of choosing the line connecting the lowest energy configurations for each stoichiometry of the cluster that minimizes the length of Cd chains. Otherwise, a continuous monotonic decrease should be observed for all major patterns of site occupation.
Turning to more stable structural types, we address first the Mg-rich structures. There is an accidental near degeneracy between the ring and the drum at x = 1. On first doping with Zn, E g has a similar drop both in the drum and bubble series, provided the Zn ion occupies the vertex between two hexagonal and one tetragonal faces rather than between one hexagonal and two tetragonal, which however results in a more stable bubble configuration. The effect on E g of doping into different (rather than similar) sites is easier to decipher. For example, E g increases (by a maximum of ∼0.1 eV) with distance between zinc cations in the Zn 2 Mg 6 O 8 drums, whereas E g is smaller (by ∼0.05 eV) for Zn 6 Mg 2 O 8 drums if Mg cations reside within the same octagonal ring. The bubble has two unique cation sites, and there is a significant drop in E g of ∼0.3 eV as the first of the four vertices between two hexagonal and one tetragonal faces is doped with Zn. In the series of the lowest energy bubbles (purple curve in Figure 10 ), this happens at Zn 5 Mg 3 O 8 , which is the cause of the noticeable drop. If the electron were to localize primarily on this site, a significant drop in E g would be related to the initial doping of zinc into the preferred cation site for the electron in both the drum and bubble. However, for the lowest energy exciton in the bubbles (as seen in Figure 15 ) the electron occupies the other site; hence, it should be the effect the dopant has on the hole that is key to the change in E g .
In the bubble clusters, the lowest energy exciton is typically composed of a hole in the form of dumbbells on anions, which occupy the vertices between two tetragonal and one hexagonal faces, and an electron localized in an exterior lobe on a number of cations. For Zn:Mg, there are four lobes on cations occupying vertices between two tetragonal and one hexagonal faces. For Zn:Cd the lobes are primarily on the Cd cations that occupy only these sites or alternatively on all Cd cations if these sites are occupied only by Zn. Unlike the cuboid, ring, and bubble structural types, the hole dumbbells on the Zn:Cd n = 8 drums are aligned with cation−anion bonds connecting octagonal faces (cf. n = 6 drums). The shape of the electron basins is reminiscent of the n = 4 and 6 rings, in that there is a appreciable delocalization toward the center of the drum (F center), and of the n = 6 drum, in that significant lobes also reside on Cd cations. As the Cd content increases, so does the octagonal ring size and, although still present in the Cd 8 O 8 drum, the overlap of the electron lobes within the drum decreases (see Figure 14a −e).
SUMMARY AND CONCLUSIONS
In the work presented we focused on the structure and optical properties of Mg and Cd doped ZnO small nanoparticles, or clusters, taking the doping to the limit, i.e., forming the full range of solutions between pure binary phases of these compounds. The key premise has been that we could construct reliable structural models of the clusters from a sufficiently diverse database populated using simple and computationally efficient interatomic potentials. The DFT refinement of the structures considered proved successfulas expectedin that same connectivities and similar energy ranking were obtained. However, we do observe a number of notable rank changes where the energy differences between the local minima are small.
For example, for n = 4 we predict the ring structure to be the GM on the IP landscape throughout, whereas on the DFT landscape we find that the cuboid (the first IP metastable structure) is more stable for MgO. On the other hand, for n = 6, the reverse is true: IP favors the drum formation throughout whereas DFT suggests that rings (the first IP metastable structure) are more stable for ZnO. As the solution energies we calculate are positive the clusters will disproportionate to the pure binary structures, which could be attributed to the competition between different structural types adopted by end members. In contrast, the Cd doped systems have negative solution energies and only one dominant structural type.
For n = 8, the largest size considered, the competition for the global minimum of the binary members is between a drum and a bubble, with the two approaches providing different rankings, which is also dependent upon both IP and DFT "flavors" that account with differing accuracy for polarization. On doping, both structures remain close in free energy throughout composition and temperature ranges, which underlines two important conclusions: (i) it is vitally important to include in consideration a number of low-energy minima within a certain range, which could be accessible at least thermally, and (ii) the absolute ranking in an ensemble is not important when the energy differences are small enough to be dependent on the exchangecorrelation density functional and/or basis set choice, but must be treated on equal footing, in a "statistical physics" sense.
Considering solutions between two binary compounds, the energy differences between structural types can vary significantly across the range of compositions as seen for Zn:Mg n = 8 series. Therefore, more than one structural type should be considered in practice for any of such solutions, and in this example at least five types from ZnO LM is required in order to obtain the inflated cuboid, which, incidentally, is not found for MgO. The driving force for this rank change between structural types is caused by the inflatable 1 × 1 × 3 cuboid structure having different unique cation sites. The inflated Zn 8 O 8 cuboid is stabilized when Mg is doped into the three-coordinated sites, whereas on doping of the two-coordinated sites the structure collapses to the rock-salt analogue. This effect is important at lower temperatures as the site selection penalises the free energy entropic contribution.
Typically, Cd doped three-dimensional clusters absorb in the visible optical range, whereas Mg-rich structures retain their transparency. The generic observation of trends in the band gap behavior of bulk ZnO on doping with isovalent Mg, cations of which have a similar size to Zn 2+ , and much larger Cd ions are the monotonic blue and red shifts, respectively, which are consistent with the calculated absorption energies for the main structural types of small ZnO clusters discussed in this paper (see Figures  8−10) . The notable exceptions generally originate in the structural inhomogeneity of the cluster structures with differently coordinated sites occupied by host or dopant species.
The absorption edge throughout the range of chemical composition and size has an upper bound formed by the ring structural type in agreement with Matxain et al. 32 The gap energy in the rings buck the general trend by not showing a particularly strong dependence on Mg doping and increasing in value with the ring size. In the larger clusters, we observe a structural change in the Zn-and Cd-rich rings, which relax to a crown structure so that on initial Mg doping the expected blue shift is not observed. Drums formed by two parallel rings (tetragons, hexagons, and octagons) form a second set of structural types and follow similar trends found for the rings: a consistent red shift from the Mg-rich end to Cd-rich end via pure ZnO and the value of the gap increasing with size. These observations are contrary to the conventional quantum confinement theory as we have already highlighted previously for a set of high-symmetry bubble structures formed by group 13 nitrides. 64 Indeed, the n = 8 bubble structure investigated here has a similar energy of formation to the n = 8 drum and an analogous optical behavior.
Concerning the localization of hole and electron components of the lowest energy excitons, we find holes typically localize on oxygen lone-pair 2p states, occupying as many anions as possible.
For example dumbbell-shaped holes are aligned in parallel to each other and normal to ring planes, but rotate inward in drums and bubbles. As expected, electrons preferentially occupy cations with the highest electronegativity, adjusted by the site coordination and availability. The electron shapes are determined by the shape of single sp x (x = 1−3) lone pairs, which tend to overlap in ring and drum structures giving rise to Flike centers.
We expect that the trends reported in this study are quite general and transferable to larger sized particles and other 1−1 compounds with a predominantly ionic type of chemical bonding. The predicted absorption edge for the global minimaapart from when there is a change in configuration typeis in qualitative agreement with that observed 9−21 for larger sized particles, i.e., subject to blue and red shifts on doping ZnO with Mg and Cd, respectively, although less monotonic and at a faster rate. Similar trends are found for other metastable configuration types, but now there are notable exceptions. Unsurprisingly, structural types that have more than one symmetry-inequivalent cationic site also display a rate of change that is dependent upon the cation order (and in some examples, the shift is reversed). The opposite trend to that observed for larger particles is also predicted for a number of the metastable structural types: compared to pure ZnO, pure MgO n = 4 chimera, n = 6 H-T-H, and n = 8 ring spectra are red-shifted. Band gap engineering along with similar design driven developments in the field of materials science has resulted in a growing number of reports on synthesis of complex nanocomposite materials, which use nanoclusters as building units. 
